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ABSTRACT
Multilocus sequence typing (MLST) analysis for
semi-routine applications is hindered by the
downstream, manually intensive steps of process-
ing the raw sequence data ﬁles. This report
describes the development of an MLST pipeline
that automates DNA sequence editing and ana-
lysis in order to signiﬁcantly reduce the time
required for processing data. Validation using a
pneumococcal dataset revealed complete agree-
ment between the results generated by manual
and automated workﬂows. The MLST pipeline
was developed for both double-strand and single-
strand sequencing.
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Multilocus sequence typing (MLST) [1] is a
method of microbial characterisation that dis-
criminates bacterial isolates by comparing the
sequences of housekeeping gene fragments. To
date, 33 species-speciﬁc MLST databases are
available online (http://www.mlst.net, http://
pubmlst.org; http://web.mpiib-berlin.mpg.de/
mLst/) [2–4]. The scale of high-throughput MLST
analyses is no longer limited by the capacity to
amplify and sequence target loci of test isolates,
but rather by the downstream, manually intensive
steps of processing the raw sequence data ﬁles.
This report describes the development of a pipe-
line for use with the BioNumerics v.4.0 platform
(Applied Maths, Sint-Martens-Latem, Belgium)
that signiﬁcantly automates the route to analysis.
The MLST pipeline consists of a series of scripts
written in the BioNumerics scripting language
that provide additional functionality to the main
program (Fig. 1).
(i) A list of current allelic variants and associated
sequence types (STs) is retrieved from the
online MLST database (http://www.mlst.net)
[2,3]. To prevent the local and central databases
from becoming inconsistent, it is recommend-
ed that the local reference data are updated
frequently, at least weekly in most cases.
(ii) Sequence traces, in the Beckman or Applied
Biosystems format, are assembled automatic-
ally into pairs of forward and reverse reads,
such that both traces cover the known region
of the allele of interest. Traces are paired for
assembly, based on a speciﬁc naming scheme
whereby sample and primer identiﬁers are
included in the trace ﬁlename. Database
entries are then created and populated with
complete assembly information, on the con-
dition that existing data are not overwritten.
The ﬁrst and last 25 bases of organism-speciﬁc
reference alleles, supplied by the user, serve
as templates to identify the allelic boundaries
of the assembly, and consensus sequences are
trimmed automatically to this region. Assem-
blies are also checked for trim quality,
sequence length and the presence of ambigu-
ous bases, which are recorded within the
database and also saved as documented
reports.
(iii) Allelic proﬁles are created by automated
comparison of the consensus sequences with
the downloaded list of current variants. Pro-
ﬁles are entered into the database as report-
able ﬁelds and analysable experimental data.
(iv) Finally, STs are assigned by comparing the
generated allelic proﬁles with the list of
downloaded proﬁles. New allelic proﬁles
and STs are added to the local database for
subsequent submission to the online MLST
database.
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The output from the MLST pipeline is a fully
populated and annotated database containing
data derived from the imported sequence traces.
Primary data are the assemblies of paired traces
and the associated consensus sequences. Further
products are the allelic proﬁles and STs derived
from the assembly consensus.
Despite the continuing development of molecu-
lar tools, sequencing remains an expensive tech-
nology for genotyping. In order to reduce the cost
of analysis, the use of single-strand (ss) sequen-
cing rather than double-strand (ds) sequencing to
generate allelic proﬁles was investigated. The
MLST pipeline was tested using the Streptococcus
pneumoniae MLST scheme described by Enright
and Spratt [5]. DNA sequences were generated
using the set of primers listed in Table 1. Assem-
bly of the 2796 sequence pairs was completed
within 1 h on a standard desktop workstation,
whereas it was estimated that manual assembly of
the same number of sequences would require a
minimum of several days. Assembly errors were
reported in 152 (5.4%) cases for which manual
corrections were required. In each of these cases,
except one, the assembly error report indicated an
incorrect length for the consensus sequence
because poor quality sequence traces were intro-
ducing gaps into the assembly consensus. For one
consensus sequence, the pipeline scripts reported
an ambiguous base at a single position. A subset
of 300 consensus sequences with no reported
assembly errors was checked manually, and no
discrepancies were revealed between automated
and manual analysis.
By comparison with the downloaded allele
database, 2768 consensus sequences were as-
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Fig. 1. Schematic outline of the multilocus sequence typing (MLST) pipeline. The pipeline is enabled by a single plug-in
tool that performs sequence assembly (ii), allele and sequence type (ST) assignment (iii, iv) and database population (ii, iii,
iv). An additional script (i) is necessary to initialise the pipeline by recovering lists of current allele and ST variants. The
user is required to supply a reference sequence for each allele, which then acts as a template for consensus trimming.
Table 1. Oligonucleotides used for
DNA ampliﬁcation by PCR and for
DNA sequencing
Locus Oligonucleotide sequence 5¢ ﬁ 3¢ T (C)a Reference
Reverse Forward
aroE aroE-ND aroE-NU 65 [8]
CCC ACA CTG GTG GCA TTA AC CGT TTA GCT GCA GTT GTT GC
ddl ddl-BR ddl-BF 53 [9]
CGC GCT TGT CAA AAC TTT CC CAA GAC TTT CTT TAT CAG TCA
GTC AG
gdh gdh-ND gdh-NU 51 [9]
TGC CAA GTC CAT TTG GCA CC CTA CAA CTT CTT TCG CTC CT
gki gki-dn gki-up 65 [5]
TCT CCC GCA GCT GAC AC GGC ATT GGA ATG GGA TCA CC
recP recP-ND recP-NU 51 [8]
TTC GAT AGC AGC ATG GAT GG GAA TGT GTG ATT CAA TAA TCA CC
spi spi-R spi-F 53 This study
AGG CTG AGA TTG GTG ATT CTC CGC TTA GAA AGG TAA GTT ATG
xpt xpt-ND xpt-NU 53 [8]
AGG ATA GAT CCT GAG TAC ATG CCA CTA CAA CGG GAA ATA TTT GA
aTemperature used for annealing in PCR assays.
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signed an allele number, with 27 new alleles being
identiﬁed. Consensus sequences were submitted
manually to the web-based MLST database for
allele number assignment, and no discrepancies
between manual and automated assignment were
observed. From 334 complete allelic proﬁles, 89
distinct STs were identiﬁed in the downloaded ST
database. No discrepancies between manual ST
assignment using the central web-based database
and automated ST assignment were observed.
Thus, these results demonstrated the robustness
of the pipeline for the automated consensus
sequence creation, subsequent allelic proﬁling
and ST assignment.
From the 2795 pairs of sequence used for ds
sequence analyses, strands sequenced by primers
aroE-ND, gdh-NU, gki-up, recP-NU, spi-F, xpt-
NU and ddl-BR were selected for ss sequencing
analyses. The MLST pipeline was adapted for ss
analysis by removing the requirement for a
minimum of two sequence traces in each assem-
bly. Sequences were entered into the MLST
pipeline for allele and ST assignment. Six (0.2%)
discrepancies between ds and ss sequencing were
found, caused by incorrect base calling in the ss
consensus in regions of poor quality sequence,
resulting in the creation of three false new alleles
and the incorrect identiﬁcation of three alleles. To
prevent the risk of creating a false new ST that
would be prejudicial to an international MLST
database, it is suggested that the full allelic proﬁle
of any new ST should be conﬁrmed systematically
by ds sequencing before submission. By applica-
tion of this procedure, 325 of 326 allelic proﬁles
were identiﬁed correctly by ss sequencing. This
success rate is determined largely by the high
quality of the DNA sequences generated; thus, a
prerequisite for use of the pipeline is a well-
designed, optimised PCR ⁄ sequencing assay. The
frequency of assembly errors obviously depends
on the sequence quality, and although the pipe-
line does not attempt to correct such errors,
verbose error reporting allows identiﬁcation of
sequences that require manual intervention. The
use of ss sequencing could be an alternative
approach for high-throughput analysis and
should reduce sequencing costs considerably.
Other tools are available for automated MLST
data analysis and processing, of which STARS
(http://www.cbrg.ox.ac.uk/~mchan/stars) [6,7]
is probably used most widely. However, the
MLST pipeline described here provides Bio-
Numerics users with a more convenient and
efﬁcient means of processing DNA sequences
for MLST projects. The need to utilise web-based
databases for assignment of allele types and STs
described previously is reduced, although sub-
mission of potentially novel alleles and STs to a
central database will continue to be essential. The
BioNumerics platform is in use in numerous
public health, research and academic institutions
across the UK, Europe and the USA, providing a
large community of potential beneﬁciaries of this
automated approach to data analysis.
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